The optical absorption of one-dimensional photonic crystal based resonators containing different types of gold nanoparticles is controllably modified by means of the interplay between planar optical cavity modes and localized surface plasmons. Spin-casting of metal oxide nanoparticle suspensions was used to build multilayered photonic structures that host (silica-coated) gold nanorods and spheres. Strong reinforcement and depletion of the absorptance was observed at designed wavelength ranges, thus proving that our method provides a reliable means to modify the optical absorption originated at plasmonic resonances of particles of arbitrary shape and within a wide range of sizes. These observations are discussed on the basis of calculations of the spatial and spectral dependence of the optical field intensity within the multilayers. 
Introduction
One of the most exciting platforms to study photonic effects at the nanoscale is that of metal colloids, which display strong localized surface plasmon resonances. 1 Research carried out in the last two decades has led to a wide diversity of synthetic methods that allow obtaining nanoparticles of precisely controlled composition, size and shape, which in turn yields fine tuning of their optical absorption and scattering properties. [2] [3] [4] Also, dielectric layers of well-defined thickness and composition can be grown covering the metal particles, providing an alternative way to modify their extinction spectra. 5 Besides these widespread methods, some attempts have been done to tailor the absorption of metal particles through the interplay between photonic and plasmonic resonances. [6] [7] [8] [9] [10] [11] [12] [13] [14] In this regard, most efforts have focused on the infiltration of metal colloids within two-or three-dimensional periodic dielectrics.
Although modification of the photonic crystal properties of the ensemble by the presence of metal particles has been observed, no significant modification of the actual optical absorption has been reported. In this context, our groups have recently demonstrated that the absorptance of onedimensional photonic crystal based structures containing gold particles in different configurations can be strongly modified by such an interplay. 15 In that work, SiO 2 and TiO 2 nanoparticle suspensions were alternately deposited to create a multilayer whose periodicity was interrupted by the presence of a layer of silica coated gold nanospheres (Au@SiO 2 ), whose size (diameter d<45 nm) and shape were similar to those of the pure SiO 2 particles already present in the structure. This allowed them to be readily integrated in the multilayer. However, the applicability of this technique to tailor the absorption of ensembles containing metallic particles of arbitrary size and shape remains to be proved.
Herein we demonstrate that nanoparticle based multilayers are versatile structures to incorporate metal particles of large size and/or asymmetric shape. As a proof of concept, we report on the preparation and optical characterization of multilayered structures with optical cavities that incorporate large Au@SiO 2 spheres (113 nm core plus 35 nm coating, total diameter d183 nm) and rods (92 nm x 47 nm, with a gold core of 60 nm x 15 nm ). In both cases, structures with high optical quality have been built. In order to achieve so, careful choice of the spin coating final rotation speed to deposit both the metal particle and the surrounding dielectric layers is a must, in order to minimize the effect of the structural defects introduced by the presence of such comparatively large beads. We prove that the absorption due to the respective localized surface plasmon resonances can be tailored to measure by means of the interplay with multiple photonic resonances. were procured from Fluka. HCl (37%) was supplied by Panreac. All chemicals were used as received.
Experimental

Synthesis of Au@SiO 2 particles
Pure-grade ethanol and Milli-Q-grade water were used in all preparations.
Au nanospheres were synthesized by a previously reported method. 16 Citrate-stabilized Au seeds (d=15 nm, 0.5 M) were prepared by citrate reduction. respectively, and 61±7 x 16±1 nm and 16±3 nm for rods.
Synthesis of TiO 2 particles
TiO 2 nanoparticulated sols were synthesized using a procedure based on the hydrolysis of titanium tetraisopropoxide (Ti(OCH 2 CH 2 CH 3 ) 4 , 97% Aldrich, abbrev. TTIP) as previously described. [22] Briefly, TTIP was added to Milli-Q water, the white precipitate filtered and washed several times with distilled water. The resulting solid was peptized in an oven at 120º C for 3 hours with tetramethylammonium hydroxide (Fluka). Finally, the suspension was centrifuged at 14,000 rpm for 10 min. SiO 2 nanocolloids were purchased from Dupont (LUDOX TMA, Aldrich). Both suspensions were diluted in methanol with concentrations of 4 wt.% (TiO 2 ) and 3 wt.% SiO 2 and then using syringe driven filters (Millipore) of 0.22 µm and 0.45 µm for TiO 2 and SiO 2 particles respectively.
Preparation of optical resonators embedding Au@SiO 2 particles, references and blank samples
Optical resonators were prepared by successive spin coating of nanocolloids of SiO 2 , TiO 2 and different types of Au@SiO 2 particles, following a procedure described in detail elsewhere 20 and designs extracted from a computational code that simulates the optical response of a metallodielectric multilayer. Such a code is based on the method of transfer matrix and allows calculating the reflectance, transmittance and absorptance of a multilayer, as well as the spatial distribution of the electromagnetic field for a vector wave propagating through the structure. 21 These sols were deposited over zero fluorescence glass (Proscitech) using a spin coater (Laurell WS-400E-6NPP) in which both the acceleration ramp and the final rotation speed could be precisely determined. The first layer was deposited using 250 µL of TiO 2 sol and the substrate was tilted and rotated to let the suspension cover the total glass surface. Then, the sample was accelerated up to different final speeds, to control the thickness of each layer. The final speed was chosen between nominal values of 3500 and 4500, while the value of the acceleration was of 11340 rpm s -1
. The spin-coating process was completed in 60 s. Subsequently, another layer of a different type of nanoparticle was deposited, using 180 µL, following the same procedure. The process was repeated until a final number of layers forming each sample has been deposited. The thicker middle layer containing Au@SiO2 particles was built by the sequential deposition of three layers: one made of silica nanoparticles, another one of silica coated gold spheres, and a third one of silica particles. By doing so, the metal particles were eventually located in the center of the optical cavity. The layers of Au@SiO 2 nanoparticles were deposited by spin-coating 100 µL drops of a 1.1 wt.% (rods) or 0.5 wt% (spheres) suspension in ethanol at a final speed of 3500 rpm, with an acceleration ramp of 8100 rpm s -1 .
The samples used as reference were deposited under identical conditions, but without the surrounding photonic crystals present in the resonator. In addition, blank samples, i.e., resonators with the same photonic properties but containing no metal particles, were built to verify the correctness of the optical characterization.
Structural characterization
Transmission electron microscopy (TEM) images of the particles were recorded with a JEOL JEM 1010 microscope operating at an acceleration voltage of 100 kV. Field emission scanning electronic microscopy (FESEM) images of cross sections of the films were taken with a Hitachi S-4800 microscope operating at 2 kV.
Results and discussion
Shown in Figure 1 spots. Please note that the spin coating technique herein employed permits to place a monolayer of Au@SiO 2 spheres in the middle of the defect with precision, thus a highly symmetric structure being attained. In the case of the rods, the deposited layer is thicker and the particles are randomly oriented. In addition, the thickness of the middle layer that behaves as an optical defect can be precisely determined, of which we take advantage to control the number and spectral position of cavity resonances. Please notice that, in a previous paper, we had demonstrated that relatively small gold particles (core diameter of 13 nm and shell thickness of 16 nm) could be integrated in an optical resonator by the method herein employed. In that case, different absorptance spectra could be attained from the same particles by changing the refractive index of the porous layers through liquid infiltration. It remained to be proved that this method was versatile enough as to be used with particles of non-spherical shape, like the rods herein presented, or spheres of much larger size, like the over 180 nm diameter particles used herein.
The images shown in Figure 1 evidence that the procedure proposed can be successfully used in these two cases with the only limitation of the minimum width of the optical cavity (the middle layer) that can be built, which is determined by the size of the particles that is going to host. In fact, in order to attain flat uniform layers we had to integrate the particles in optical cavities that were at least 1.5 times the size of the particle diameter. Otherwise the resulting multilayer presents bumps that would decrease the optical quality, with the risk of blurring the confinement effects we were looking for. A FESEM image illustrating this effect has been included in the supporting information.
Total reflectance (R T ) and transmittance (T T ) of resonator, reference and blank samples were obtained using an integrating sphere operating in the UV-Vis, attached to a spectrophotometer (Shimadzu UV-2101PC). The different operational modes are described in Figure 2 . From these measurements,
absorptance (A) was obtained as A=1-R T -T T . Figures 3 and 4 display R T , T T and A for optical resonators
containing either spherical or rod-like Au@SiO 2 particles, respectively. The absorptance spectra of the corresponding reference samples, made of layer of Au@SiO 2 particles of the exact same thickness surrounded by thin layers of titania nanoparticles, are plotted as red dashed lines for the sake of comparison. Full optical characterization of blank samples can be found in the supporting information.
In both cases, strong modifications of the absorptance are observed with respect to the reference slab.
This has implications in the way the optical field is distributed in the multilayer. For relatively thick middle layers like the ones we had to employ to host the spherical particles, a couple of resonant modes show up instead of just one as it happens for thinner optical cavities, and this is the origin of the double peak structure observed in the absorptance spectrum displayed in Figure 3(d) . The two resonances are shown explicitly in Figure 5 . As mentioned before, in order to host the Au@SiO 2 nanospheres, the size of the middle layer including them is such that gives rise to two resonant modes (indicated with thin vertical dashed lines), instead of the single resonant mode that would be attained with thinner optical defect slabs. 15 The versatility of the proposed method is demonstrated by designing a couple of multilayered structures that present these resonances at different spectral ranges. This was achieved by adjusting the period of the photonic crystals and the thickness of the middle layer (full details are given in the caption of Figure 3 ). Comparing the optical response of the two ensembles, it can be readily seen that completely different absorptance is attained for Au@SiO 2 nanosphere monolayers of the exact same characteristics, depending on the spectral position of cavity resonances and the photonic band gap in each resonator. While the reference presents a broad absorption peak at ≈600 nm, characteristic of large gold spheres, the resonator whose optical response is displayed in Figure 3b shows a much more intense and narrow peak, located at ≈576 nm. In this case, the effect of the second resonant mode is minimized by forcing it to coincide with an absorption minimum (≈450 nm). For the second resonator (Figure 3d ), a well-defined double peak structure with maxima located at ≈530 nm and ≈660 nm is obtained. It should be remarked that this sort of controlled modification that leads to absorptance spectra displaying localized surface plasmon peaks at different selected wavelengths, is not achievable by any other means. Also, the well-known limited capacity to absorb light of comparatively large metal spheres is herein largely increased by this combined photonic-plasmonic resonant effect.
Nanorods present two localized surface plasmon modes (transversal mode  T ≈520 nm, longitudinal mode  L ≈840 nm, see red dashed line in Figure 4b or 4d) as a result of the polarization dependence of the extinction cross section for particles of asymmetric shape. 22 In this case, the resonators were designed to display a cavity mode close to the transversal mode, which is typically identified as a weak and broad peak. In the multilayers, the spectral features of this absorption peak are, just as we found in the case of the spheres, largely modified: a spectrally thinner and more intense peak structure is observed. In one case, an absorption maximum occurs at ≈530 nm, while in the other it peaks at ≈570 nm, further demonstrating its tunability through the design of photonic resonances. At the same time, the shape and intensity of the spectrum at those frequencies for which light is absorbed as a result of the interaction with the longitudinal plasmonic mode (>650 nm), are not affected by the presence of cavity resonances and hence do not present significant changes.
In order to correlate the observed effects with the phenomena taking place within the multilayer, enhancement factors, , were extracted from the graphs plotted in Figure 3 , by dividing the absorptance spectra of the resonator by that of the corresponding reference, and compared to the spectral and spatial dependence of the electric field intensity |E(x,)| 2 , as calculated from the computer code used to design the structures herein reported. Results are shown in Figure 5 . A figure describing a similar comparison for the case of the gold nanorods can be found in the supporting information. A color scale is used to indicate the field intensity at each wavelength (x axis) and distance (y axis) from the air-multilayer interface. From this comparison, it can be concluded that the observed absorptance peaks for the Au@SiO 2 sphere-containing resonators are primarily due to the enhanced interaction between the embedded absorbing particles and light with wavelengths matching planar cavity resonant modes. Also, for frequencies close to the higher energy photonic band gap edge of the multilayer, the optical field is also reinforced in the defect layer. This latter phenomenon also increases absorption 23 and contributes to the complex peak structure observed in the absorption spectrum of the gold particlecontaining resonators. It should also be noticed that the absorptance decreases at photonic band gap frequencies at which no resonance occurs, as a result of the blocking of incoming radiation. This comparison illustrates that spectral reinforcement or depletion of optical field intensity in planar cavities yield either stronger or weaker, respectively, matter-radiation interactions, which in turn leads to higher or lower probability of absorption, in this case by the embedded gold particles. These phenomena are at the origin of all effects herein reported.
Conclusions
In conclusion, we have demonstrated that the integration of metal particles in optical resonators provides a generic means to modify the optical absorption originated at localized surface plasmons. In order to prove so, relatively large particles of different shape (spheres and rods) were successfully sandwiched between two one-dimensional photonic crystals by spin coating and the effect of the interplay between the photonic resonance, which implies localization of the optical mode within the middle defect layer, and the localized surface plasmons of the particles, was thereby demonstrated.
Results are explained on the basis of calculations of the spatial and spectral dependence of the optical field intensity within the multilayers. Apart from providing a new means to tailor the optical absorption of assemblies of metal particles, our results imply that special care must be taken when, in order to take advantage of field enhancement or scattering effects, metal particles are introduced in layered devices in which the optical field could be modulated by interference effects, as it may happen in organic LEDs or solar cells, 24, 25 dye sensitized photovoltaics, 26, 27 or photocatalytic slabs. 
